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ABSTRACT 
 
Molly Murchison: Spatial Analysis of Industrial Sites and North Carolina Groundwater Contamination 
(Under the direction of Marc L. Serre) 
 
This study investigates groundwater contamination at multiple levels of spatial resolution, and 
quantifies relationships between water quality and potential sources of contamination. The study’s source 
for water quality data is a database of private well test results collected by the NC Department of Health 
and Human Services, and the potential contamination sources under consideration are sites from the 
National Priority List (NPL) and the Toxics Release Inventory (TRI).  
Two levels of spatial analysis compare groundwater concentrations of individual contaminants – 
one county aggregated level, and one spatially continuous level, based on BME mapping of contaminants.  
A subsequent analysis relates TRI sites to groundwater concentrations of an aggregation of chemicals that 
are associated with the respective sites. A screening process based on examining these associations 
suggests eight TRI sites that may have an influence on groundwater quality. The strongest associations 
emerging from this process are for: Chemical Specialties Inc., an inorganic metallic salts production 
facility, and Novozymes North America Inc, an industrial biotechnology facility. 
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INTRODUCTION 
In North Carolina, hundreds of industrial sites fall under EPA requirements to monitor and report 
pollution in groundwater on their sites. While these requirements lead to evaluation at individual sites, 
they fall short of answering the question that spurred the requirements to begin with: Do releases from 
these facilities contaminate wells that people rely on for drinking water? To address this concern more 
directly, this study uses private well data collected from individual households by the Department of 
Health and Human Services (DHHS) to build a contamination atlas of North Carolina groundwater, and 
examine the association between contamination and polluting sources.  
Previous studies have examined North Carolina groundwater quality with the private well 
analyses as the primary data source. These studies cover a wide array of contaminants (Slaughter, 2011), 
or focus on a small number of chemicals in great detail (Messier, 2012).  The present study aims to bridge 
the gap between these approaches by creating spatially continuous maps of groundwater contamination 
for all contaminants for which there are EPA standards (EPA, 2013), meanwhile using geospatial 
statistical methods that balance model sophistication with minimized processing. This approach results in 
a statistical overview of the relationships between groundwater contamination and polluting sites at 
varying spatial resolutions, and a case-by-case inquiry into offsite migration of contaminants measured as 
a group. 
We begin by ranking individual contaminants by the number of people they effect. This is defined 
as the number of people drinking from private wells whose concentration of the contaminant exceeds the 
EPA’s Maximum Contaminant Level (MCL). Each contaminant is then mapped by county, along with 
North Carolina’s National Priority List (NPL) sites, and Toxics Release Inventory (TRI) sites. A 
frequency ratio based on these maps is then used to quantify the co-occurrence of elevated groundwater 
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contamination and presence of polluting sites in a given county. Moving towards an analysis with finer 
spatial resolution, BME methods are used to model groundwater contamination continuously over the 
state of North Carolina. These models in turn allow us to use a density ratio to examine the groundwater 
contamination and polluting sites by area instead of county units.  
Groundwater contamination is typically analyzed by individual chemicals, and then connected to 
industries that release them respectively. This paradigm is reversed in Chapter 5, where contamination is 
modeled by groups of contaminants that are associated with a particular site. Collectively analyzing a 
group of chemicals released from a polluting source, we associate each site with a particular chemical 
signature, and model changes in this signature in the region surrounding the TRI site of interest. In this 
case, a concentration ratio is used to measure the influence of TRI contamination on groundwater quality. 
This method is designed to dissociate anthropogenic contamination from geological contamination, to 
eliminate over-generalization of subsurface conditions in the model, and to more directly examine offsite 
migration of chemicals from TRI sites on a case-by-case basis across North Carolina.  
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CHAPTER 1: Ranking pollutants based on the number of people drinking from contaminated 
private wells 
 
 Taking public health priorities into consideration, we sought to identify not only the areas where 
the concentration of contamination in groundwater was the highest, but also the areas where the most 
people are effected by water exceeding EPA limits for contamination. This was quantified by ranking 
pollutants based on the number of people drinking from private wells contaminated with each pollutant. A 
contaminated well was defined as a well whose test results exceeded the EPA’s limit for acceptable 
drinking water quality. Where available, the Maximum Contaminant Level (MCL) was used. Otherwise, 
the Secondary Maximum Contaminant Level (SMCL) was used as a cutoff concentration.  The ranking 
was calculated by multiplying each county’s proportion of exceedances by the respective county’s 
number of private well users (Equation 1). 
The result of this ranking, found in Table 1, indicates that metals have a substantial impact on 
groundwater quality where the population drinks from private wells. In particular, many people are 
drinking from wells with lead concentrations above the MCL. This process weights the importance of 
groundwater contamination from a human perspective, as the population relying on private wells for 
drinking water is not evenly distributed across the state. There is also an uneven distribution of this 
contamination burden on the population of the state, as shown in the maps for Aluminum (Figure 1) and 
Arsenic (Figure 2). 
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Equation 1: Population drinking from contaminated wells 
∑
𝑁𝑀𝐶𝐿(𝑗)
𝑁𝑗
𝑛
𝑗=1
 𝐷𝑗  
𝑗 = county index 
𝑛 = total number of counties in North Carolina 
𝑁𝑀𝐶𝐿𝑗 = contaminant observations above MCL in county j 
𝑁𝑗 = total contaminant observations in county j 
𝐷𝑗 = people drinking from private wells in county j 
 
 
Table 1: Number of People Drinking from Contaminated Wells 
Contaminants with MCLs  Contaminants with SMCLs 
Contaminant Effected Population  Contaminant Effected Population 
Lead 86,671  Iron 636,154 
Arsenic 38,530  Manganese 497,897 
Copper 24,195  Aluminum 105,122 
Uranium 16,175  Sulfate 53,567 
Cadmium 6,785  Zinc 25,297 
Fluoride 3,803  Chloride 14,546 
Chromium 3,459  Silver 395 
Mercury 1,631    
Selenium 1,538    
Barium 594    
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Figure 1: Population drinking from wells exceeding SMCL for Aluminum 
 
 
Figure 2: Population drinking from wells exceeding MCL for Arsenic 
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CHAPTER 2: Assessing the effect of superfund sites and TRI sites on private wells using a 
frequency ratio of contaminated sites. 
 
In this section we consider groundwater data aggregated at the county level, and the frequency at 
which the presence of polluting sites and elevated groundwater contamination co-occurs in each county.  
For each contaminant, elevated groundwater contamination in each county was assessed by mapping 
whether the mean concentration in that county was above the MCL or SMCL, and the presence of 
polluting NPL or TRI sites was visually assessed by plotting the sites which report the contaminant of 
interest (Figure 3).   
 
Figure 3: Counties above the SMCL for Manganese and NPL sites reporting Manganese 
 
It is of interest to know if NPL and TRI polluting sites are more likely to be located in counties 
with contaminated groundwater. The frequency ratio is a measure of the frequency of polluting sites in 
contaminated counties relative to the frequency of polluting sites elsewhere (Equation 2). Version A of 
this ratio relates the frequency of polluting sites in contaminated counties to the frequency of polluting 
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sites in the state overall. By this metric, results greater than one indicate that contaminated counties 
contain more polluting sites per county than the state average, and results less than one indicate that 
contaminated counties contain fewer polluting sites per county than the state average. This metric 
becomes non-descriptive when no county averages exceed the MCL, or when there are few sites involved 
in the calculation. To mitigate this and offer more balance to the comparison, a second frequency ratio is 
calculated. Cross referencing contaminants in these metrics allows the most insight into which chemicals 
have the strongest relationship with NPL and TRI sites. 
Equation 2: Frequency Ratios 
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑅𝑎𝑡𝑖𝑜 𝐴:    
𝑆𝐶𝐶/𝑛𝐶𝐶
𝑆/𝑛
 
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑅𝑎𝑡𝑖𝑜 𝐵:    
𝑆𝐶𝐶 + 1
𝑆𝑈𝐶 + 1
 
𝑆𝐶𝐶 = number of polluting sites in contaminated counties 
𝑆𝑈𝐶 = number of polluting sites in uncontaminated counties 
𝑛 = total number of NC counties 
𝑛𝐶𝐶= number of contaminated counties 
 
Table 2: Frequency Ratios of NPL Sites (left), and TRI Sites (right) 
Analyte Frequency Ratio A Frequency Ratio B  Analyte Frequency Ratio A Frequency Ratio B 
Aluminum 7.143 1.000  Aluminum 0.000 0.333 
Arsenic 0.000 0.067  Arsenic 0.000 0.040 
Barium 0.000 0.063  Barium 0.000 0.018 
Cadmium 0.000 0.083  Cadmium 0.000 0.500 
Chromium 0.000 0.045  Chromium 1.482 0.068 
Copper 0.000 0.071  Copper 1.887 0.038 
Fluoride 0.000 1.000  Fluoride 0.000 1.000 
Iron 1.020 8.000  Iron 0.000 1.000 
Lead 0.714 0.143  Lead 2.167 0.292 
Manganese 0.792 0.900  Manganese 1.179 1.560 
Mercury 0.000 0.100  Mercury 0.000 0.027 
Selenium 0.000 0.250  Selenium 0.000 1.000 
Sulfate 0.000 0.500  Sulfate 0.000 1.000 
Uranium 0.000 1.000  Uranium 0.000 1.000 
Zinc 0.000 0.063  Zinc 0.000 0.020 
 
8 
 
 Many uninformative frequency ratios occur because there are few or no counties where the mean 
concentrations exceed the MCL. In the case of arsenic, for example, frequency ratio A is 0 for both NPL 
and TRI sites because of this. However, the map of population drinking from wells exceeding the MCL 
for arsenic (Figure 2), indicates that there are both patterns of elevated arsenic concentrations, and 
numerous cases of private wells exceeding the MCL. Since none of these appear on the map of counties 
exceeding the MCL, this indicates that the county level is too coarse a resolution to analyze spatial 
variation in groundwater contamination. In subsequent chapters we address this issue by using data 
aggregated at smaller spatial units, and applying BME methods to create spatially continuous maps. 
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CHAPTER 3: BME spatial mapping of private well contaminant concentrations 
While metrics based on county-aggregated data are informative from a policy perspective, 
analysis of the data at a finer spatial resolution paints a more nuanced picture of the variation in 
groundwater quality across the state. In this section, we use the BME framework described in Sanders et 
al. (2012) to create continuous maps of zip code-aggregated pollutant concentrations. We utilize the BME 
framework to account for the uncertainty that arises when there are few observations in the zip-code, or 
when the zip code is dominated by observations below the MDL. 
Let 𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑚𝑒𝑎𝑛𝑗(𝑍𝑘) be the mathematical variable denoting the arithmetic average of the 
observations for contaminant k over zip-code j. The 𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑚𝑒𝑎𝑛𝑗(𝑍𝑘) variable is the sample mean 
estimator for the true zip-code mean. The uncertainty associated with the sample mean estimator is 
quantified by the variance of the sample mean estimator, 𝑣𝑎𝑟 (𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑚𝑒𝑎𝑛𝑗(𝑍𝑘)), which is equal to 
the sample variance 𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑣𝑎𝑟𝑗(𝑍𝑘) divided by the size of the sample 𝑛𝑗𝑘 (Equation 3).   
In cases where the zip code is dominated by observations that are below the MDL, the above 
process fallaciously ascribes a variance equal or close to zero. We find this artifact because test results 
below the MDL are recorded as non-numeric values, and must therefore be transformed to hardened 
values in the data preparation process. In such instances, the variance must be optimized to reflect our 
true state of knowledge concerning the chemical concentrations present in the water: an unknown 
quantity, whose probability distribution lies predominantly over the range between zero and the MDL. 
The variance for these cases is transformed accordingly. 
With the appropriate zip code statistics in place, we go on to model spatially continuous estimates 
of groundwater contamination. Following the approach described in detail in Sanders et al. (2012), we use 
BME to estimate the zip-code mean concentration at any estimation point of interest sk using Gaussian 
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soft data situated at the centroids ss of zip-codes, with means and variances equal to 𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑚𝑒𝑎𝑛𝑗(𝑍𝑘) 
and 𝑣𝑎𝑟 (𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑚𝑒𝑎𝑛𝑗(𝑍𝑘)), respectively. The variance of the soft data reflects more confidence in zip 
codes with more observations, where there is less variability between observations, and where 
observations yield numeric concentration values. 
Equation 3: Variance of the Sample Mean 
𝑣𝑎𝑟 (𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑚𝑒𝑎𝑛𝑗(𝑍𝑘)) =  
𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑣𝑎𝑟𝑗(𝑍𝑘)
𝑛𝑗𝑘
 
𝑗 = zip-code index 
k = contaminant index 
𝑍𝑘 = observations of concentrations for contaminant k 
𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑚𝑒𝑎𝑛𝑗(𝑍𝑘)= sample mean of the observations for contaminant k over zip-code j 
𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑣𝑎𝑟𝑗(𝑍𝑘)= sample variance of the observations for contaminant k over zip-code j𝑛𝑗𝑘 = number of 
observations for contaminant k over zip-code j 
 
As described in Sanders et al. (2012), BME characterizes the general knowledge about the 
pollutant field in terms of its covariance function, and the site specific knowledge in terms of the soft data 
consisting of zip-code means and corresponding variance of zip-code means. The experimental 
covariance for each contaminant was calculated with standard spatial lags of 10 km, and a covariance 
model was fit to the experimental covariance values using a weighted least squares method.  The general 
model for covariance used in this study is expressed by Equation 4.  Taking zinc as an example 
contaminant, the covariance is plotted in Figure 4.  
Equation 4: Covariance Function 
𝑐𝑥(𝑟) = 𝑐1 exp (−
3𝑟
𝑎𝑟1
) +  𝑐2 exp (−
3𝑟
𝑎𝑟2
) 
𝑟 = spatial lag 
𝑐1 = sill of the first exponential covariance structure 
𝑎𝑟1  = spatial range of the first exponential covariance structure 
𝑐2 and 𝑎𝑟2= sill and range of the second exponential covariance structure 
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Figure 4: Covariance Function 
 
For each contaminant, the covariance model, the sample means, and the associated variances of 
sample means were incorporated into the BME estimation to create maps displaying the spatial 
distribution of the posterior BME mean estimates, which provide continuous representations of 
contaminant concentrations across North Carolina.  It is also possible to treat all concentration values as 
hard data, and this method of interpolation known as kriging was undertaken as a comparison to the BME 
method informed by the variance of zip-code sample means. By way of example, the kriging map of the 
zip-code mean average of zinc across NC is shown in Figure 5, while the corresponding BME map is 
shown in Figure 6. The kriging map (Figure 5) displays several areas of high concentrations, which 
include zip-codes where only a few observations were available. The zip-code means at these zip-codes 
with few observations have a high variance of sample mean, and therefore the BME method, which takes 
these high variances into account, produces a map where these unreliable values are given less weight 
(Figure 6). As a result, the BME estimation is more conservative in that it smoothes out unreliable zip-
code means calculated on few observations, resulting in maps that show less extensive areas of elevated 
chemical concentrations.  
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Figure 5: BME mean estimate of zinc concentrations (hardened data), mg/L 
 
 
Figure 6: BME mean estimate of zinc concentrations, mg/L 
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CHAPTER 4: Assessing the effect of superfund sites on private wells using a BME-estimated 
density ratio of contaminated sites 
 
With the benefit of a spatially continuous maps, it is possible to revisit the relationship between 
groundwater contamination and NPL or TRI location with a finer resolution of analysis.  The density ratio 
of contaminated sites compares the density of polluting sites in the contaminated areas to the density of 
polluting sites in a comparison area (i.e. either the study domain area or the uncontaminated area), where 
the contaminated areas are delineated using the continuous estimations modeled in Chapter 3. Mirroring 
the analysis with frequency ratios in Chapter 2, there are two versions of the density ratio, which are 
calculated side by side to offer the most perspective on site-contaminant relationships for each chemical 
(Equation 5). The map representing the density ratio analysis of manganese is shown in Figure 7. Values 
determined in the BME estimation of mean manganese concentrations are categorized as above or below 
the MCL, and mapped in black or white respectively.  
 
Equation 5: Density Ratio 
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑅𝑎𝑡𝑖𝑜 𝐴:    
𝑆𝐶𝐴/𝐴𝐶
𝑆/𝐴𝑇
  
 
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑅𝑎𝑡𝑖𝑜 𝐵:    
𝑆𝐶𝐴/𝐴𝐶
𝑆𝑈𝐴/𝐴𝑈
 
 
𝑆𝐶𝐴 = number of polluting sites in contaminated area 
𝑆𝑈𝐴 = number of polluting sites in uncontaminated area 
𝑆 = total number of polluting across total NC area 
𝐴𝐶 = contaminated area 
𝐴𝑈 = uncontaminated area 
𝐴𝑇 = total area 
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Figure 7: Manganese Contamination and TRI Sites Reporting Manganese 
 
 
Overall, the density ratios calculated for NPL sites do not indicate an association between 
groundwater exceedances and NPL locations (Table 3). As with the frequency ratios calculated in Chapter 
2, the density ratios for NPL sites are frequently uninformative because of there being few sites overall, or 
because there is little or no area where the mean concentration of a contaminant in groundwater is above 
the MCL. This does not, however, preclude an association between elevated chemical concentrations and 
NPL sites. For a more nuanced look at this relationship, varying thresholds of ‘contamination’ should be 
considered, and the change in association modeled. This would be beneficial to examine in future work, 
but is not included in this study. 
The density ratios calculated for TRI sites indicate that lead and manganese concentrations 
exceeding the MCL/SMCL are associated with TRI site locations (Table 3).  While the TRI dataset is 
more robust than the NPL dataset, TRI analysis could also benefit from a changing-threshold analysis in 
the case of certain chemicals, such as Arsenic, whose concentration varies with spatial continuity, but 
whose mean rarely if ever exceeds the MCL. It should also be noted that in the case of certain toxics such 
as Arsenic, the EPA cites a lower cutoff concentration, the Maximum Contaminant Level Goal (MCLG), 
which is a recommendation based on health, but is not enforceable. This may be as low as zero. 
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Table 3: Density Ratios 
NPL Sites      TRI Sites     
Analyte Density Ratio A Density Ratio B  Analyte Density Ratio A Density Ratio B 
Aluminum 0.000 0.000  Aluminum 0.000 0.000 
Arsenic 0.000 0.000  Arsenic 0.000 0.000 
Barium 0.000 0.000  Barium 0.000 0.000 
Beryllium 0.000 0.000  Beryllium 0.000 0.000 
Cadmium 0.000 0.000  Cadmium 0.000 0.000 
Chromium 0.000 0.000  Chromium 0.000 0.000 
Copper 0.000 0.000  Copper 0.000 0.000 
Iron 1.093 0.000  Iron 0.000 0.000 
Lead 0.000 0.000  Lead 0.000 0.000 
Manganese 0.446 0.372  Manganese 1.106 1.199 
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CHAPTER 5: Site specific analysis 
In contrast to the contaminant-by-contaminant analysis, we now approach the question of 
individual sites’ influence on groundwater contamination directly. Collectively analyzing a group of 
chemicals released from a polluting source, we associate each site with a particular chemical signature, 
and model changes in this signature in the region surrounding the TRI site of interest. This screening 
process determines only if pollution registers from private well sites, not whether it exists anywhere. 
Many TRI sites have groundwater monitoring wells on their grounds, and these are used to test 
groundwater privately by the facility. However, what is uniquely being studied here is if the site 
contamination is captured by tests conducted on water from household private wells. A concentration 
ratio is used to measure the influence of TRI contamination on groundwater quality. This method 
examines offsite migration of chemicals from TRI sites using spatially continuous models of variation in 
chemical groups that are emitted by the site of interest. 
5.1: Assessing the effect of TRI sites on private wells using site-specific chemical groups  
TRI sites report the quantity of toxic contaminants that they release annually into the air, surface 
water, or onto land. This last category includes surface impoundments of solid, liquid, or sludge waste, as 
well as land application of wastes. The ‘land releases’ category of releases was examined in this study as 
the most likely source of leaching to groundwater which does not likely get as far from the site as 
contamination being transported in surface water. Of the more than 200 TRI sites reporting land releases 
of toxics in North Carolina, this study selected sites emitting at least one inorganic contaminant, and 
reporting at least 500,000 pounds of toxics over the period of interest: 1998-2010. This time span 
corresponds to the years included in the private well database. 
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The first step in modeling these contaminants as a group was to scale the values so that chemicals 
with consistently higher mean concentrations do not mask variation in chemicals with smaller scale 
values. Individual results in the entire database were normalized according to Equation 6.  These 
normalized results were then used to determine zip-code level sample means and variances by 
contaminant, following the methods used in Chapter 3.  
Equation 6: Normalization of Chemical Concentrations 
𝑍′𝑖𝑘 =
𝑍𝑖𝑘 − min𝑘 (𝑍 𝑖𝑘)
max𝑘 (𝑍𝑖𝑘) − min𝑘  (𝑍 𝑖𝑘)
 
𝑍𝑖𝑘 = observation i of contaminant k 
min𝑘 (𝑍 𝑖𝑘) = minimum value for all observations of contaminant k 
max𝑘 (𝑍𝑖𝑘) = maximum value for all observations of contaminant  
 
The second step in modeling contaminants as a group for a specific polluting site of interest was 
to give each contaminant a weight according to the proportion of total emission that it represents at the 
polluting site of interest (Equation 7). The sum of the contaminant weights for each site is one, as seen in 
the example chemical signature of a TRI site in Figure 8.  
 
Equation 7: Weighting chemicals according to a site's total releases 
𝛼𝑘 =
𝑅𝑘
∑ 𝑅𝑘
 
𝑅𝑘 = total releases for contaminant k 
𝛼𝑘 = weight assigned to contaminant k 
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Figure 8: Chemical signature of a TRI site, Belews Steam Station 
 
 
 
For a given site of interest, a new variable X was defined as the weighted average of normalized 
contaminant concentrations, 𝑋 = ∑ 𝛼𝑘
𝑁
𝑘=1 𝑍
′
𝑘, where 𝑍′𝑘 and 𝛼𝑘are the normalized contaminant 
concentrations and their corresponding weights as described by equations 6 and 7, respectively. The 
weighted normalized contaminant X has a zip code sample mean and corresponding variance of sample 
mean for X are given by Equation 8 and Equation 9, respectively. Taking facility #82 as an example, 
Equation 8 shows the zip code mean of X calculated at each zip code. This map is specific to facility #82 
and will change if another polluting site is considered. 
 
Equation 8: Weighted normalized zip code means 
𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑚𝑒𝑎𝑛 (𝑋) = 𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑚𝑒𝑎𝑛 ( ∑ 𝛼𝑘
𝑁
𝑘=1
𝑍′𝑘  ) 
= ∑ 𝛼𝑘 
𝑁
𝑘=1
𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑚𝑒𝑎𝑛 (𝑍′𝑘) 
k= contaminant index 
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𝛼 = contaminant weight 
Z’ = normalized values of contaminant 
 
 
Equation 9: Weighted normalized variance of the zip code sample mean 
𝑣𝑎𝑟(𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑚𝑒𝑎𝑛(𝑋)) = 𝑣𝑎𝑟 ( ∑ 𝛼𝑘 
𝑁
𝑘=1
 𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑚𝑒𝑎𝑛(𝑍′𝑘)) 
= ∑ 𝛼𝑘
2
𝑁
𝑘=1
𝑣𝑎𝑟( 𝑧𝑖𝑝𝑐𝑜𝑑𝑒𝑚𝑒𝑎𝑛(𝑍′𝑘)) 
k= contaminant index 
𝛼 = contaminant weight 
Z’ = normalized values of contaminant 
 
Figure 9: Map of weighted normalized zip code means for facility #82 
 
 
The weighted normalized contaminant X for a given polluting site of interest was then mapped 
using BME, with Gaussian soft data at the centroid of each zip code with mean and variance 
corresponding to the sample mean and variance of sample mean given by Equation 8 and Equation 9, 
respectively. The resulting map of BME estimate shows a continuous surface for X that was examined in 
the region surrounding the polluting site of interest. To quantify the relationship between contamination 
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near the polluting site and in the region overall, a concentration ratio was calculated using pairs of buffers 
of 3 varying sizes: 10km and 30km, 25km and 50km, 30km and 90km.  The minimum buffer size of 10 
km was chosen because of the locational uncertainty due to: the distance between reported locations and 
true locations of potential sources; transport over land of source material; and to a much more limited 
extent, the transport of contamination underground, which is presumably much less than 10 km. 
Two concentrations ratios – A and B – were calculated at each buffer size, for each TRI site. 
Concentration Ratio A compares the contamination within the inner buffer to the area as a whole. 
Concentration Ratio B compares the contamination within the inner buffer to the area between the two 
buffers (Equation 10).  The contamination ratio is a relative, not absolute, measure of contamination. As 
such it captures potential offsite migration, but does not speak to public health concerns over high 
contamination levels.  
Equation 10: Concentration Ratios 
 
 
 
 
 
 
 
 
 
𝑍′1      𝑍
′
2      𝑍
′
3 
 
 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑖𝑜 𝐴:   
𝑚𝑒𝑎𝑛(𝑍′1)
𝑚𝑒𝑎𝑛(𝑍′2)
 
 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑖𝑜 𝐵:   
𝑚𝑒𝑎𝑛(𝑍′1)
𝑚𝑒𝑎𝑛(𝑍′3)
 
 
To screen for sites which may have offsite migration of contaminants while accounting for 
variable ranges of contamination, a sequential selection was applied to the sites under investigation.  
Advancing from smallest buffer size to largest, concentration ratios greater than the cutoff value were 
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selected. If the spread of contamination is wide, then it may only be detected by larger buffers. Smaller 
buffer pairs, being entirely inside the contamination zone, will register values close to one since both the 
outer and inner areas similarly contaminated. To account for this scenario, sites having values near one 
for the concentration ratios of smaller buffers were not eliminated, rather they could still be selected 
based on values above the cutoff for larger buffer pairs. This process was completed for three cutoff 
values: 1.1, 1.2, and 1.3.  The table of concentration ratio results is found in the appendix (Table 5). The 
site selection process for the 1.1 cutoff level is displayed as an example. Nine sites were selected at the 
1.1 cutoff level, six at the 1.2 cutoff level, and four at the 1.3 cutoff level. The sites are profiled in section 
5.2.   
5.2: Sites Showing Most Potential for Groundwater Contamination 
Following the selection procedure detailed in 5.1, eight sites emerged as having the most potential 
to be associated with groundwater contamination (Figure 10). 
Table 4: Sites with most potential influence on groundwater contamination 
Site Name Facility Type County 1.1 selection 1.2 selection 1.3 selection 
Chemical Specialties, Inc Inorganic metallic salts Cabarrus 1 1 1 
Buck Steam Station Coal Energy Rowan 1 1   
Roxboro Steam Electric Plant Coal Energy Person 1     
Cape Fear Plant Coal Energy Chatham 1 1   
US Army Fort Bragg Military Cumberland 1 1   
Novozymes North America Inc. Industrial Biotechnology Franklin 1 1 1 
Int'l Paper Riegelwood Mill Paper Mill Columbus 1     
Elementis Chromium Inc Chromium Acid Products New Hanover 1 1   
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Figure 10: Sites with most potential influence on groundwater contamination 
 
 
5.3: Profiles of Sites Identified in Concentration Ratio Screening 
 Out of eight total sites identified in the concentration ratio screening process, two are profiled in 
more detail in this section. 
5.3.1: Chemical Specialties Inc. 
  Chemical Specialties Inc. is an inorganic metallic salts production facility whose parent company 
owns multiple other sites in North Carolina. 
Figure 11: Chemical Specialties Inc. Profile 
Site # Site Name Facility Type County 
9 Chemical Specialties Inc. Inorganic Metallic Salts Cabarrus 
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Figure 12: Chemical Specialties Inc. estimation of mean concentration 
 
 
 
5.3.2: Roxboro Steam Electric Plant 
  The Roxboro Steam Electric Plant is a four-unit, 2,422 megawatt coal-fired facility located in 
Semora, NC. Operating since 1966, it is one of the largest power plants in the United States. It emits 
primarily arsenic, with smaller releases of other metals, such as manganese, mercury, and cobalt. 
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Figure 13: Roxboro Steam Electric Plant profile 
Site # Site Name Facility Type County 
14 Roxboro Steam Electric Plant Coal Energy Person 
 
 
Figure 14: Roxboro Steam Electric Plant estimation of mean concentration 
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CONCLUSIONS AND FUTURE WORK 
 
 As the number of people drinking from private wells varies substantially across North Carolina 
(Figure 15), a contaminant ranking system that includes this dimension in the analysis of groundwater is 
useful in determining where contamination is the most detrimental. In this study, several toxic metals 
were found to exceed the MCL in the drinking water of tens of thousands of North Carolinians, with lead, 
arsenic, and copper having the greatest impact. Many more people are drinking from wells that exceed the 
SMCL for contaminants such as: iron, chloride, sulfate, zinc, manganese, and aluminum.  
 A county-level analysis comparing mean MCL/SMCL exceedances to the presence of NPL and 
TRI sites in the county determined that there is an association between lead and manganese contamination 
and TRI sites. This association was confirmed by an analysis using spatially continuous maps. These 
maps were the result of models developed with a geospatial statistical method. The method accounts for 
uncertainty due to small sample sizes, as well as uncertainty due to lower limits of detection in the 
analytical chemistry methods used to test water quality. A useful extension of this analysis would be to 
calculate the same frequency ratios and density ratios for thresholds other than the MCL and SMCL. With 
alternative thresholds there will be fewer zero values or non-informative results from the ratios. 
 Another important aspect of water quality that was not considered in this study is the interaction 
between analytes. Water pH levels effect the solubility of metals, and could be taken into consideration as 
a variable when building the model. This could be incorporated into the TRI site-specific analysis by 
acknowledging that high pH waters surrounding a polluting site may minimize the appearance of metals 
leaching into groundwater. Furthermore, metals interact with each other in ways that are meaningful to 
consider. It has been shown that elevated levels of iron regulate arsenic levels through adsorption or 
precipitation onto iron hydroxides (Joju Abraham, 2010). Since iron and arsenic are particularly relevant 
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in North Carolina, these interactions may be incorporated into future models for a more nuanced 
perspective on elevated contamination levels. 
 In the site-by-site analysis of TRI signature chemicals, nine sites were identified as having 
potential influence over groundwater quality in their respective regions. The method for assessing these 
associations is novel for groundwater contamination analysis, and there are three aspects of this that we 
would like to develop further. Quantifying the significance of the difference in contaminant 
concentrations near the sites verses farther away will lend more weight to the site-by-site analysis. This 
cannot be quantified using typical p-values because of spatial autocorrelation in the data, so other 
methods will need to be developed. Furthermore, we would like to incorporate the dataset of organic 
chemicals into this analysis. Many TRI sites report releases of organic chemicals, and these are important 
to consider both for the accuracy of the chemical signatures, and because organic chemicals are closely 
tied to anthropogenic pollution, and therefore help dissociate industrial pollution from geological 
influence on groundwater quality. Finally, the combined interference of sites which are clustered together 
would be useful to examine. 
  
Figure 15: Number of people drinking from private wells by county 
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APPENDIX 
 
Orange highlighting indicates a concentration ratio greater than one, but lower than the cutoff value. Red 
highlighting indicates a concentration ratio equal to or greater than the cutoff value. 
Table 5: Concentration Ratios with 1.1 cutoff value 
Site # CrA-small CrB-small CrA-medium CrB-medium CrA-large CrB-large Selected 
1 0.9804 0.977 0.9078 0.8592 0.9389 0.9208   
2 0.7632 0.7265 0.7675 0.693 0.4633 0.4336   
3 0.7077 0.6749 0.9932 0.989 0.7328 0.6834   
4 0.6235 0.5859 1.1624 1.3032 1.1634 1.2158   
5 0.5738 0.5349 1.3598 1.7733 1.3896 1.549   
6 0.8688 0.8583 0.2378 0.1575 0.1492 0.1172   
7 0.7648 0.7402 0.6607 0.6029 0.8778 0.8621   
8 0.9589 0.9533 0.7887 0.745 0.8629 0.8461   
9 2.0551 2.353 1.0118 1.0169 0.9044 0.8832   
10 1.0078 1.0088 1.2416 1.3523 0.9789 0.9765 x 
11 0.8141 0.798 1.0904 1.1326 1.0747 1.0954   
12 0.7163 0.6948 1.0261 1.0369 1.2783 1.3753   
13 0.8248 0.8104 0.9459 0.9346 1.115 1.1289   
14 1.1753 1.2106 0.9546 0.9392 1.0209 1.0233 x 
15 0.5918 0.5549 0.4238 0.3518 0.9596 0.9551   
16 0.4402 0.404 0.3711 0.305 0.7503 0.7286   
17 1.2104 1.2374 1.0944 1.1182 1.244 1.2764 x 
18 0.8679 0.8576 0.2035 0.1727 0.3121 0.2916   
19 1.0862 1.099 1.2052 1.31 1.136 1.1605 x 
20 0.8909 0.881 0.784 0.7211 0.518 0.4808   
21 0.1897 0.1775 0.2253 0.1867 1.3869 1.4609   
22 1.0738 1.0792 0.3212 0.2673 0.5224 0.4976   
23 1.1937 1.2218 1.4019 1.5593 1.1554 1.1798 x 
24 1.1662 1.201 1.0394 1.0519 1.0227 1.0268 x 
25 1.0116 1.0133 1.0412 1.0553 0.9339 0.9231   
26 0.761 0.7409 1.2808 1.4187 1.5881 1.7087   
27 0.9408 0.9345 1.0393 1.0544 1.1183 1.1345   
28 0.4644 0.4243 0.381 0.313 0.2535 0.2308   
29 1.004 1.0047 1.0292 1.047 1.0097 1.0118   
30 1.054 1.0632 1.0693 1.1106 0.9666 0.9598   
31 1.0152 1.0181 0.9564 0.9386 0.7649 0.7353   
32 0.9899 0.9881 0.8627 0.8142 0.8912 0.8749   
33 1.2239 1.272 1.1293 1.1942 0.9586 0.9519 x 
34 0.5013 0.4599 0.5031 0.4044 0.2017 0.1814   
35 0.9022 0.8922 0.9426 0.9265 0.8267 0.8125   
36 0.8548 0.8404 0.9475 0.9279 0.9457 0.9383   
37 0.8905 0.8768 0.9064 0.872 0.9779 0.9749   
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